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Abstract 

It  has  been  established  experimentally  that  during  thermal  runaway  a  great  amount  of  hydrogen  is  given  off  from  nickel-cadmium  accumulator 
KSX-25.  Through  the  thermal  decomposition  of  nickel-cadmium  accumulator  electrodes,  it  has  been  shown  that  hydrogen  had  been  present  in  the 
electrodes  before  the  onset  of  thermal  runaway.  Through  an  analysis  of  the  energy  balance  of  thermal  runaway,  it  has  been  shown  that  it  is  not  an 
external  source  of  current  that  causes  thermal  runaway,  but  rather  a  powerful  internal  exothermic  reaction. 

©  2007  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

In  charging  some  types  of  nickel-cadmium  (NC)  accumula¬ 
tors  at  constant  voltage  or  their  floating  charge,  the  effect  known 
as  thermal  runaway  may  be  observed.  In  this  case,  the  charging 
current  in  the  accumulator  begins  to  increase  abruptly;  the  elec¬ 
trolyte  rapidly  boils  and  is  converted  into  vapour.  Fusion  and 
breakage  of  the  accumulator  case,  the  expulsion  of  safety  plugs 
under  the  action  of  steam,  abundant  smoke  generation,  and  even 
ignition  are  also  possible. 

This  effect  is  very  unusual  and  has  been  little  investigated.  A 
review  of  the  literature  covering  about  the  last  20  years  concern¬ 
ing  the  investigation  of  various  types  of  accumulators  and  the 
processes  taking  place  in  them  has  revealed  that  there  have  been 
very  few  papers  dealing  with  the  study  of  thermal  runaway.  How¬ 
ever,  this  process  is  mentioned  and  discussed  in  quite  a  number 
of  papers  [1-6]. 

The  lack  of  attention  paid  to  this  effect  cannot  be  justified,  as, 
for  example,  the  KSX-25  accumulator,  the  operation  of  which 
may  result  in  thermal  runaway,  is  mounted  in  an  airborne  sys- 
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tem  present  in  many  types  of  planes.  This  accumulator  is  used 
in  the  airborne  system  of  a  plane  as  a  part  of  the  20KSX-25 
battery. 

Since  thermal  runaway  takes  place  spontaneously  and  the 
cause  of  it  presently  remains  little  understood,  there  is  a  pos¬ 
sibility  of  it  occurring  during  flight.  A  plane  is  an  intrinsically 
rather  unsafe  means  of  transport  and  the  occurrence  of  such  an 
uncontrollable  rapid  process  during  a  flight,  which  would  be 
accompanied  by  steam  and  smoke  generation  and  probably  lead 
to  a  short-circuiting  of  an  airborne  system  of  the  plane,  etc., 
would  inevitably  lead  to  an  emergency  situation. 

This  effect  is  also  of  great  interest  from  a  purely  theo¬ 
retical  point  of  view.  Thermal  runaway  is  perhaps  the  only 
self-accelerating  effect  in  accumulators  that  proceeds  so  rapidly 
and  is  accompanied  by  a  great  number  of  visual  and  thermal 
effects,  yet  is  practically  uncontrollable  by  the  personnel  oper¬ 
ating  the  battery. 

2.  Experimental  study  of  the  process  of  thermal 
runaway  in  nickel-cadmium  accumulators  of  KSX-25 
type 

The  main  aims  of  the  present  study  were  to  experimentally 
define  the  change  in  the  charging  current  and  voltage  on  the 
accumulator  terminals,  the  change  in  the  accumulator  tempera- 
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ture,  and  the  change  in  the  dynamics  of  gas  release  during  the 
process  of  thermal  runaway. 

Preliminary  investigations  showed  that  the  possibility  of 
thermal  runaway  increases  with  increasing  period  of  oper¬ 
ation  of  the  accumulator.  It  is  especially  great  after  very 
long  terms  of  accumulator  operation.  Taking  this  fact  into 
account,  30  accumulators  of  KSX-25  type  that  had  been  in 
use  for  more  than  5  years  were  chosen  for  the  experimental 
study. 

First  of  all,  the  influence  of  charger  voltage  on  the  possi¬ 
bility  of  thermal  runaway  was  studied.  For  this  purpose,  all 
of  the  accumulators  were  charged  in  consecutive  order  at  con¬ 
stant  voltages  of  1.45,  1.67,  1.87,  and  2.2  V.  The  lower  value 
of  the  range  of  charging  voltages  under  study  corresponds  to 
the  accumulator  floating  charge,  which  is  part  of  the  20KSX-25 
battery. 

Each  of  the  accumulators  under  study  was  charged  and  dis¬ 
charged  ten  times  at  each  charging  voltage.  Charging  was  carried 
out  for  8  h.  Each  accumulator  was  discharged  according  to  the 
service  instructions  for  the  20KSX-25  battery  at  a  current  of 
10  A  until  the  voltage  on  the  accumulator  terminals  reached 
IV. 

To  exclude  interaction  between  charging-discharging  cycles 
during  the  study  (through  residual  phenomena  of  all  types,  the 
“memory  effect”,  etc.),  after  every  cycle  studied  one  to  three 
checking  cycles  were  made. 

Charging  during  the  checking  cycle  was  performed  in  two 
steps  according  to  the  service  instructions  for  the  20KSX-25 
battery.  The  first  step  at  a  current  of  10  A  was  for  a  duration  of 
3  h,  and  the  second  one  at  a  current  of  5  A  was  for  a  duration  of 
2h. 

A  step-down  transformer  with  a  diode  bridge  capable  of 
ensuring  the  required  voltage  and  current  up  to  150  A,  and  up  to 
500  A  for  a  short  term,  was  used  as  a  charger. 

The  released  gas  was  collected  in  a  flexible  reservoir  capable 
of  storing  1060 1. 

3.  Results 

Firstly,  in  the  course  of  more  than  1100  charging-discharging 
cycles  performed,  the  effect  of  thermal  runaway  was  only 
observed  in  two  cases.  Thus,  it  can  be  stated  that  thermal  run¬ 
away  is  rather  a  rare  effect. 

Secondly,  in  both  of  these  cases  of  thermal  runaway,  the  time 
of  operation  of  the  accumulator  was  more  than  5  years  (5.5  and 
6  years,  respectively),  with  only  a  3-year  guarantee.  Thus,  these 
experimental  results  directly  confirm  the  preliminary  conclusion 
that  the  possibility  of  thermal  runaway  increases  with  increasing 
time  of  battery  operation. 

Thirdly,  in  both  instances  when  thermal  runaway  occurred, 
the  accumulators  were  charged  at  a  voltage  of  2.2  V,  which  is 
significantly  greater  than  the  average  voltage  applied  for  the 
operation  of  these  accumulators  (1.35-1.5  V).  Thus,  it  can  be 
concluded  that  the  probability  of  thermal  runaway  increases  with 
increasing  accumulator  charging  voltage. 

Changes  in  the  KSX-25  accumulator  parameters  during  ther¬ 
mal  runaway  are  shown  in  Figs.  1  and  2.  The  change  of  the 


Fig.  1.  Parameter  changes  of  the  KSX-25  accumulator  (No.  1)  during  thermal 
runaway:  I  is  the  charging  current  of  the  accumulator,  U  is  the  voltage  on  the 
accumulator  terminals  and  T  is  the  temperature  of  the  accumulator  positive 
terminal. 


charging  current  in  the  KSX-25  accumulator  shown  in  Fig.  2  is 
interesting.  Such  an  uneven  change  indicates  that  thermal  run¬ 
away  can  appear  and  die  down  in  the  accumulators  more  than 
once  and  spontaneously. 

In  the  final  analysis  for  this  accumulator,  the  electrodes 
were  most  probably  short-circuited  because  of  separator 
bum-through,  as  indicated  by  the  zero  voltage  on  the  accu¬ 
mulator  terminals  at  the  moment  of  the  installation  turning 
off  and  by  a  very  great  value  of  the  charging  current  in 
Fig.  2. 

The  compositions  of  the  gas  mixtures  given  off  as  a  result  of 
the  two  thermal  runaway  events  are  shown  in  Table  1. 

The  total  amount  of  gas  mixture  was  determined  as  the  orig¬ 
inal  amount  of  gas  that  was  given  off.  The  storage  device  for  the 
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Fig.  2.  Parameter  changes  of  the  KSX-25  accumulator  (No.  2)  during  thermal 
runaway:  I  is  the  charging  current  of  the  accumulator,  V  is  the  voltage  on  the 
accumulator  terminals  and  T  is  the  temperature  of  the  accumulator  positive 
terminal. 


gas  mixture  was  then  cooled  to  room  temperature.  Thereafter, 
the  amount  of  released  gas  was  determined  for  a  second  time. 
The  difference  between  these  amounts  gave  the  amount  of  steam 
that  had  been  given  off. 

Thus,  thermal  runaway  results  in  a  very  intense  release  of  gas 
that  lasts  for  4  min  (Fig.  1),  the  amount  of  gas  and  steam  being 
about  350 1. 

4.  Analysis  of  the  gas  resulting  from  thermal  runaway 

Purely  theoretically,  the  following  substances  may  result 
from  thermal  runaway:  water  vapour,  hydrogen  and  oxygen 
because  of  decomposition  of  water  and  oxides  in  the  electrodes, 
and  separator  combustion  products. 

Water  vapour  was  separated  when  the  released  gas  mixture 
was  cooled.  Thus,  the  aim  of  this  section  is  to  study  the  qualita¬ 
tive  and  quantitative  composition  of  the  rest  of  the  gas. 

To  test  the  gas,  a  VOGA-2M  volumetric  and  optical  gas 
analyser  was  used.  This  device  can  determine  the  percentage 
composition  of  a  gas  mixture  consisting  of  carbon  dioxide, 
oxygen,  carbon  monoxide,  hydrogen,  and  methane,  a  gas  volu¬ 
metric  method  being  used  to  determine  carbon  dioxide,  oxygen, 
and  carbon  monoxide,  and  an  optical  method  reliant  upon  a 
built-in  interferometer  being  used  to  determine  methane  and 
hydrogen. 

The  results  of  the  analyses  of  the  gas  mixtures  obtained  from 
the  two  different  accumulators  after  thermal  runaway  events  are 
shown  in  Table  2. 

4.1.  Discussion 

The  results  obtained  are  somewhat  unexpected,  as  if  we 
assume  that  thermal  runaway  results  only  in  electrochemical 
or  thermal  deposition  of  water,  then  the  hydrogen: oxygen  ratio 
would  be  oxygen:  33.3%;  hydrogen:  66.7%,  that  is,  1:2. 

If  we  assume  that  thermal  runaway  results  in  hydroxide 
decomposition  because  of  the  high  temperature,  then  the  pro¬ 
portion  of  oxygen  in  the  gas  mixture  would  increase  rather  than 
the  proportion  of  hydrogen. 

The  results  obtained  can  only  be  explained  if  we  assume 
that  hydrogen  had  already  existed  in  the  electrodes  in  some 
form  before  the  thermal  runaway  and  as  a  result  of  this  pro¬ 
cess,  probably  because  of  high  temperature,  it  was  given  off  in 
great  quantities. 


Table  1 

Compositions  of  the  gas  mixtures  evolved  in  two  instances  of  thermal  runaway2 
Composition  of  the  released  gas  Accumulators 


No.  1  No.  2 


Total  amount  of  the  steam-gas  mixture  35 1  342 

evolved  as  a  result  of  thermal 
runaway  (1) 

Amount  of  steam  released  (1)  63  60 

Amount  of  gas  released  (1)  288  282 


a  The  relative  error  in  measuring  these  amounts  is  no  more  than  10%. 


Table  2 

Compositions  of  the  gas  mixtures  after  thermal  runaway  in  two  KSX-25 
accumulators2 

Gas  nature  Accumulator 


No.  1  No.  2 


Gas  concentration  (%) 

H2  94  95 

02  5.2  4.5 

Other  gases  0.8  0.5 


2  The  absolute  error  in  the  percentage  concentrations 


in  Table  2  is  0.3-0.5. 
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Fig.  3.  The  experimental  set-up  to  study  the  process  of  gas  release  from  the 
heated  accumulator  electrodes.  (1)  Manometer,  (2)  intake  chamber  accumulating 
gas,  (3)  thermocouple,  (4)  retort,  (5)  tap,  (6)  muffle  furnace,  (7)  metal  thermal 
chamber,  (8)  rubber  plug  with  a  tube  for  gas  extraction,  (9)  standard  coil  and 
(10)  heater. 

5.  Study  of  the  accumulation  of  gas  in  alkaline 
accumulator  electrodes 

These  experiments  were  carried  out  to  test  the  assumption 
of  the  existence  of  hydrogen  in  nickel-cadmium  accumulator 
electrodes  prior  to  thermal  runaway  and  the  possibility  of  its 
subsequent  thermal  release. 

The  experimental  set-up  to  study  the  process  of  gas  release 
from  the  heated  accumulator  electrodes  (Fig.  3)  consisted  of  a 
metal  thermal  chamber  (7)  in  the  form  of  a  tube  1.8  m  long  and 
2  cm  in  diameter,  the  sealed  end  of  which  was  placed  in  a  muffle 
furnace,  while  a  rubber  plug  with  a  tube  for  gas  extraction  was 
inserted  into  the  other  end  of  the  tube. 

As  under  the  action  of  high  temperature  the  electrode  under 
study  partially  melted  and  typically  adhered  to  the  walls  of  the 
thermal  chamber,  to  facilitate  its  more  convenient  withdrawal 
and  recovery  after  the  experiment,  it  was  placed  into  a  “car¬ 
tridge”.  To  reduce  heat  exchange  in  the  thermal  chamber,  a 
round  porous  ceramic  plug,  20  cm  long,  was  placed  above  the 
cartridge. 

The  intake  chamber  for  collecting  the  gas  (2)  was  a  hermeti¬ 
cally  sealed  glass  reservoir  filled  with  water.  Its  capacity  was  5 1. 
At  the  bottom  of  this  reservoir,  a  number  of  tubes  were  inserted 
through  a  rubber  plug:  a  long  tube  to  supply  gas  from  the  ther¬ 


mal  chamber  to  the  top  of  the  reservoir,  a  tube  to  remove  excess 
water,  and  a  leg  of  a  manometer  tube  (1)  to  control  the  pressure 
of  the  gas  accumulated  above  the  water. 

Heating  the  electrode  in  the  thermal  chamber  resulted  in  a 
release  of  gas  from  it.  This  gas  was  partially  cooled  by  passage 
through  the  standard  coil  (9)  prior  to  entry  into  the  gas  intake 
chamber.  As  the  gas  entered  the  chamber,  the  pressure  above  the 
water  increased,  and  this  was  registered  by  the  manometer.  To 
balance  the  internal  pressure  in  the  intake  chamber  and  atmo¬ 
spheric  pressure,  part  of  the  water  was  removed  from  the  intake 
chamber  into  the  retort  (4).  The  water  level  in  the  retort  gave 
an  indication  of  the  amount  of  gas  that  had  entered  the  intake 
chamber  during  the  period  studied. 

6.  Analysis  of  the  released  gas 

The  released  gas  was  quantitatively  analysed  with  a  VOGA- 
2M  gas  analyser. 

To  carry  out  the  experiment,  four  KSX-25  accumulators  were 
chosen  at  random.  One  cadmium  and  one  nickel  electrode  were 
taken  from  each  accumulator.  These  electrodes  were  then  ther¬ 
mally  decomposed  in  the  apparatus  described  above. 

Each  electrode  was  decomposed  at  800  °C.  The  reasons  for 
choosing  this  temperature  were  as  follows.  In  preliminary  exper¬ 
iments,  it  was  determined  that  visible  release  of  gas  starts  at 
about  340  °C  for  the  cadmium  electrodes  and  at  about  660  °C 
for  the  oxide-nickel  electrodes.  Big  release  of  the  gas  starts 
at  temperatures  in  excess  of  740  °C  for  both  the  oxide-nickel 
and  cadmium  electrodes.  The  rate  of  gas  release  increases  with 
increasing  temperature;  however,  when  the  temperature  exceeds 
800  °C,  this  increase  becomes  negligible.  Thus,  the  tempera¬ 
ture  of  800  °C  was  chosen  as  an  optimum  value  for  thermal 
decomposition  of  both  the  cadmium  and  oxide-nickel  elec¬ 
trodes. 

Each  cadmium  electrode  was  decomposed  over  an  average 
period  of  7  days,  while  each  oxide-nickel  electrode  was  decom¬ 
posed  over  an  average  period  of  13  days,  each  for  1 1  h  of  every 
24  h.  The  amount  of  gas  released  from  each  electrode  per  day 
decreased  from  41  during  the  first  days  to  100-120  ml  dur¬ 
ing  the  last  days  for  each  cadmium  electrode,  and  from  61 
per  day  to  100-150  ml  per  day  for  each  oxide-nickel  elec¬ 
trode.  The  process  of  thermal  decomposition  was  stopped 
when  the  amount  of  gas  released  during  a  24  h  period  was 
less  than  100  ml.  The  results  of  this  experiment  are  shown  in 
Table  3. 

Analysis  of  the  gas  released  from  both  electrodes  by  means 
of  the  VOGA-2M  gas  analyser  showed  that  it  consisted  of  at 
least  99%  hydrogen. 


Table  3 

Hydrogen  content  in  oxide-nickel  and  cadmium  electrodes  of  KSX-25  accumulators2 

4 

4.5 

Cd  Ni  Cd 

19  33  16 

a  The  relative  error  in  the  data  in  Table  3  is  5-7%. 


No.  of  the  accumulator  12  3 

Period  of  operation  (years)  4  5  5.2 

Type  of  electrode  Ni  Cd  Ni  Cd  Ni 

Amount  of  gas  released  (1)  31  15  35  18  35.5 
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6.1.  Discussion 

According  to  the  results  of  the  experiment  (Table  3), 
prior  to  thermal  runaway,  the  KSX-25  accumulator  elec¬ 
trodes  have  a  very  high  hydrogen  content.  The  data  in  the 
table  relate  to  one  accumulator  electrode.  In  a  KSX-25  accu¬ 
mulator  there  are  14  cadmium  and  15  nickel  electrodes. 
Therefore,  in  one  KSX-25  accumulator  there  are  approximately 
18  x  14  +  35  x  15  =  252  +  525  =  111  1  of  hydrogen. 

Thus,  in  total,  in  a  20KSX-25  aircraft  battery  there  are  about 
111  x  20=  15,5401  of  hydrogen.  The  release  of  such  a  large 
amount  of  hydrogen  during  thermal  runaway  from  the  accumu¬ 
lator  to  the  plane  cabin  could  potentially  cause  a  very  powerful 
explosion.  The  consequences  of  such  an  explosion  would  be 
catastrophic. 

It  is  interesting  to  mention  one  more  fact.  The  KSX-25  accu¬ 
mulator  floating  charge  results  in  decomposition  of  water  and 
release  of  hydrogen  and  oxygen  in  the  ratio  33.3%  oxygen  to 
66.7%  hydrogen.  Nevertheless,  experiments  carried  out  to  quan¬ 
titatively  and  qualitatively  determine  the  composition  of  the 
gas  released  from  electrodes  showed  that  in  each  of  the  elec¬ 
trodes  (oxide-nickel  and  cadmium)  it  is  only  hydrogen  that  is 
accumulated. 

7.  Analysis  of  the  energy  balance  during  thermal 
runaway 

According  to  the  classical  mechanistic  explanation  of  ther¬ 
mal  runaway,  it  results  from  sustained  overcharging,  which  can 
lead  to  warming  of  the  accumulator  and,  as  a  consequence,  to  a 
decrease  in  its  internal  resistance  and  an  increase  in  the  recharg¬ 
ing  current,  which,  in  turn,  increases  the  warming,  and  so  on 
[1-6]. 

Thus,  this  mechanism  supposes  that  all  of  the  energy  that 
results  from  thermal  runaway  is  supplied  by  the  battery  charger. 
However,  it  can  be  proved  that  the  energy  received  by  the  accu¬ 
mulator  from  the  battery  charger  during  the  thermal  runaway  is 
not  sufficient  even  for  decomposition  of  all  of  the  electrolyte. 
Therefore,  thermal  runaway  must  be  accompanied  by  some 
internal  process  compensating  this  shortage. 

Indeed,  the  energy,  Qz ,  received  by  the  accumulator  from  the 
battery  charger  during  thermal  runaway  is  given  by 

Qz,m  jt2U(l)  I(t)dt  (1) 

where  t/(f)  is  the  voltage  change  on  the  accumulator  terminals 
during  thermal  runaway,  /(f)  is  the  change  of  the  charging  current 
during  thermal  runaway,  and  t\  and  f2  are  the  start  and  end  times 
of  the  thermal  runaway,  respectively. 

To  calculate  the  value  of  Qz,  let  us  use  the  experimental  data 
from  Fig.  1.  In  this  figure,  it  can  be  seen  that  during  the  thermal 
runaway  (4  min)  the  charging  current  increased  practically  lin¬ 
early  from  0.1  to  300  A,  while  the  voltage  on  the  accumulator 
terminals  dropped  from  1 .8  to  0.5  V.  For  convenience,  let  us  take 
the  start  of  the  thermal  runaway  as  zero  time,  so  that  for  the  cur¬ 
rent  change  during  the  course  of  thermal  runaway  we  will  have 


the  equation: 

7(f)  =  1.25*  (2) 

and  for  the  voltage  change  on  the  accumulator  terminals  we  have 
the  equation: 

U(t)  =  1.8  -  0.0054f  (3) 

Substituting  Eqs.  (2)  and  (3)  into  the  integral  (1),  one  obtains 
2z  =  33.7kJ. 

On  the  other  hand,  let  us  estimate  the  energy  that  resulted  from 
the  thermal  runaway  on  the  basis  of  the  external  thermal  effects. 
An  average  KSX-25  accumulator  has  60  ml  of  electrolyte,  which 
evaporates  completely  during  the  thermal  runaway. 

The  energy  required  for  this  is  defined  as 

Qi  =  r  x  m  =  135.6  kJ 

In  addition,  the  energy  to  heat  the  electrolyte  from  30  °C 
(operating  temperature  of  the  accumulator  in  charge)  to  100  °C 
is  also  required. 

Qn  =  c  x  m  x  (f2  —  fi)  =  17.6 kJ 

Vapour  resulting  from  the  thermal  runaway  was  expelled 
from  the  accumulator  at  a  temperature  of  at  least  350  °C.  To 
heat  it  to  this  level  required: 

Qp  =  cmih  ~  h)  =  27.3  kJ 

In  the  experiment  under  consideration,  the  plastic  case  of  the 
accumulator  together  with  the  electrodes  themselves  were  also 
heated  to  a  temperature  of  at  least  150  °C;  the  casing  was  rapidly 
fused  at  the  sides.  If  the  mass  of  the  accumulator  was  about  1  kg, 
then  this  heating  would  have  required  at  least  <2b  =  38  kJ. 

Thus,  the  total  amount  of  heat: 

Q  =  Qi  +  Qn  +  Qp  +  Qb 

that  results  from  thermal  runaway,  as  indicated  in  Fig.  1,  must 
be  at  least  218  kJ,  which  is  considerably  greater  than  the  energy 
received  by  the  accumulator  from  the  battery  charger  (4). 

In  a  private  conversation  that  took  place  in  the  laboratory  of 
“Non-Steady  Electrolysis”  (South-Russia  State  Technical  Uni¬ 
versity  of  t.  Novocherkassk),  an  assumption  was  made  that  as  a 
result  of  thermal  runaway  the  electrochemical  energy  accumu¬ 
lated  by  the  charged  accumulator  is  a  source  of  the  emission  of 
heat.  The  accumulator  used  in  the  experiment  had  been  in  oper¬ 
ation  for  5.5  years,  giving  an  average  charge  of  14.5-15.5  Ah. 
That  is  to  say,  it  had  an  energy  of  at  most  67  kJ,  which  is  clearly 
not  sufficient.  However,  at  the  very  beginning  of  the  thermal 
runaway,  the  capacity  of  this  accumulator  was  no  more  than 
7  Ah,  which  is  easily  calculated  by  integrating  the  curve  of  the 
change  in  the  charging  current  over  the  interval  before  the  ther¬ 
mal  runaway  in  Fig.  1.  Therefore,  it  had  electrochemical  energy 
of  no  more  than  30  kJ,  which  is  again  significantly  lower  than 
the  required  value. 

This  assumption  was  also  tested  experimentally.  Rapid 
release  of  the  accumulated  electrochemical  energy  is  only  possi¬ 
ble  through  a  process  such  as  short-circuiting  of  the  accumulator 
electrodes. 
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In  the  course  of  experiments  involving  a  series  of  internal 
short  circuits  of  the  plates  of  KSX-25  accumulators,  which  had 
been  in  use  for  5  or  6  years,  it  was  found  that  internal  short 
circuits  increased  the  temperature  of  the  electrolyte  and  elec¬ 
trodes  to  72-84  °C,  with  the  generation  of  a  small  amount  of 
steam.  This  corresponds  to  a  release  of  heat  of  no  more  than 
27  kJ,  which  is  significantly  less  than  the  energy  released  during 
thermal  runaway. 

Thus,  the  results  of  the  estimation  of  the  thermal  runaway 
energy  balance  unambiguously  show  that  thermal  runaway  is 
accompanied  by  a  powerful  exothermic  reaction  with  the  release 
of  a  great  amount  of  heat. 

8.  Discussion 

Of  prime  concern  is  the  origin  of  such  large  quantities  of 
hydrogen  evolved  from  the  electrodes  of  KSX-25  batteries. 

Theoretically,  one  can  envisage  two  sources  of  hydrogen  in 
the  electrodes  of  the  batteries  in  question: 

1 .  Hydrogen  enters  the  electrodes  of  these  batteries  as  a  result 
of  certain  technological  processes  during  their  manufacture. 
If  this  were  the  case,  new  batteries  should  contain  the  same 
amount  of  hydrogen  as  batteries  that  have  completed  their 
service  life. 

2.  Hydrogen  accumulates  in  the  electrodes  of  Ni-Cd  batteries 
during  their  use. 

To  check  these  hypotheses,  the  electrodes  of  new  (never  used) 
KSX-25  batteries  were  fragmented  and  analysed.  The  experi¬ 
ment  demonstrated  that  no  hydrogen  is  present  in  the  electrodes 
of  new  batteries. 

Hence,  this  experiment  expressly  shows  that  hydrogen  accu¬ 
mulates  in  the  electrodes  of  Ni-Cd  batteries  during  their  use. 

According  to  the  operation  manual  of  the  20KSX-25  battery, 
it  is  charged  in  two  stages:  firstly  by  a  current  of  10  A  over  a 
period  of  3  h,  and  secondly  by  a  current  of  5  A  over  a  period  of 
2h.  Consequently,  these  batteries  overcharge  by  a  factor  of  1.6 
as  compared  to  their  nominal  capacity.  Overcharge  is  required 
for  complete  charging  of  the  batteries.  Thus,  in  the  course  of 
charging,  almost  15  Ah  are  used  for  electrolyte  decomposition 
with  the  evolution  of  hydrogen  and  oxygen. 

Consequently,  one  charging  of  a  KSX-25  battery  produces 
61  of  hydrogen  and  31  of  oxygen.  Thus,  the  discovered 
7771  of  hydrogen  may  have  been  accumulated  during  130 
charging-discharging  cycles.  By  the  end  of  its  life  span,  a  KSX- 
25  battery  is  likely  to  have  gone  through  ten  times  as  many 
charging-discharging  cycles.  Therefore,  it  can,  in  principle, 
accumulate  the  discovered  amount  of  hydrogen. 

In  our  opinion,  hydrogen  accumulates  inside  electrodes  in 
the  form  of  metal  hydrides.  Transition  metals  such  as  nickel 
and  cadmium  are  capable  of  accumulating  hydrogen  [7-12], 
The  accumulation  of  hydrogen  in  transition  metals  commences 
with  hydrogen  adsorption  at  the  metal  surface.  The  adsorbed 
molecules  dissociate  into  atoms,  which  can  then  migrate  into 
the  crystal  lattice  of  the  metal.  At  low  concentrations,  these 
hydrogen  atoms  can  move  freely  within  the  crystal  lattice  of 


the  metal.  However,  as  their  concentration  increases,  they  begin 
to  form  chemical  bonds  with  the  metal  atoms. 

Hydrogen  is  characterised  by  a  very  high  diffusion  perme¬ 
ability.  The  diffusion  coefficient  of  hydrogen  atoms  is  many 
times  higher  than  those  of  all  other  atoms,  including  oxygen 
atoms.  For  example,  at  the  temperature  20  °C  the  diffusivity 
of  hydrogen  in  nickel  is  approximately  1010  times  higher  than 
diffusivity  of  nitrogen  or  oxygen  [7],  The  high  diffusion  perme¬ 
ability  of  hydrogen  is  determined  by  the  small  size  of  its  atom, 
its  low  mass,  and  the  structural  peculiarities  of  metal-hydrogen 
systems  [7,9,10].  These  features  explain  why  upon  dissociation 
of  an  electrolyte  into  hydrogen  and  oxygen  in  a  battery,  only 
hydrogen  accumulates  in  the  electrodes,  while  oxygen  escapes 
to  the  atmosphere. 

The  amount  of  hydrogen  that  may  be  accumulated  in  transi¬ 
tion  metals  is  determined  by  many  factors.  First,  there  is  the 
particular  nature  of  the  hydrogen  accumulation  process;  the 
amount  of  accumulated  hydrogen  increases  as  the  hydrogen 
pressure  is  increased.  Second,  one  needs  to  consider  the  state 
of  the  crystal  lattice  of  the  metal.  In  the  case  of  nickel,  less 
hydrogen  will  be  accumulated  by  cast  nickel  than  by  porous 
Raney  nickel.  The  more  finely  divided  the  nickel  and  the  more 
collapsed  its  crystal  structure  (that  is,  the  more  dislocations  there 
are  in  the  crystal  lattice),  the  more  capable  it  is  of  accumulating 
hydrogen  [11,12], 

The  amount  of  hydrogen  that  we  have  recovered  from  KSX- 
25  battery  electrodes  is  almost  tenfold  higher  than  the  amount 
that  is  typically  accumulated  by  these  metals  by  more  conven¬ 
tional  means  of  hydrogen  uptake.  It  would  seem  that  this  is 
related  to  certain  specific  features  of  hydrogen  accumulation  in 
the  electrodes  of  alkaline  batteries.  First,  due  to  the  tight  packing 
of  the  electrodes,  hydrogen  emitted  at  the  cadmium  electrode  can 
penetrate  into  the  pores  of  both  the  nickel  oxide  and  cadmium 
electrodes,  and  produces  very  high  capillary  pressure  inside  the 
pores.  According  to  works  [13,14]  the  amount  of  hydrogen  C 
accumulated  in  metal  is  related  to  external  pressure  of  hydrogen 
P  by  the  formula: 

C  =  KsfP 

Capillary  pressure  in  the  electrode  pores  is  inversely  propor¬ 
tional  to  pore  radius  R,  i.e. 

P  =  -  (4) 

R 

A  =  0.2  |xm  MPa — proportionality  constant  for  the  given  elec¬ 
trolyte. 

In  porous  electrode  the  main  pores  have  the  average  radius 
of  the  order  of  several  dozens  of  microns.  However  the  finely 
divided  powder,  used  for  manufacturing  of  metal-ceramic 
matrix  of  the  electrodes,  have  the  micro  fissures  with  dimensions 
from  several  hundreds  of  angstrom  to  the  size  of  crystalline  lat¬ 
tice  of  the  metal  [15].  Thus,  hydrogen  accumulating  in  the  micro 
fissures  as  the  result  of  electrolyte  decomposition  may  have  the 
pressure  of  (4)  up  to  100  MPa. 

Second,  the  process  of  hydrogen  uptake  by  the  electrodes 
proceeds  during  their  entire  lifespan,  in  the  present  case  for  over 
5  years. 
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Third,  the  nickel  oxide  electrode  in  a  KSX-25  battery  is 
metal-ceramic,  made  from  finely  divided  nickel  powder  with 
strongly  collapsed  crystalline  structure.  Any  imperfections  of 
metal  crystalline  structure  (particularly  dislocations)  are  traps 
for  hydrogen,  as  they  decrease  the  energy  of  hydrogen  atom  as 
compared  to  their  location  in  normal  interstice.  Besides  they 
are  the  centers  of  hydrogen  absorption,  and  also  contribute  to 
hydrogen  penetration  into  the  metal  depth.  Hence,  imperfections 
of  the  metal  crystalline  structure  cause  sharp  rise  of  hydrogen 
miscibility  in  it  [14,16], 

In  direct  methods  the  metal  hydrides  are  obtained  by  metal 
powder  heating  in  the  hydrogen  atmosphere  to  the  temperatures, 
as  a  rule,  lower  than  1000  °C.  At  this  the  external  pressure  of 
hydrogen  is  either  not  used  or  is  small  [7,17],  However  in  several 
experiments  it  may  be  up  to  20  MPa,  for  example,  during  obtain¬ 
ing  magnesium  hydride.  At  this  the  process  of  hydride  obtaining 
lasts  from  several  minutes  to  several  hours.  Analysis  of  hydrides’ 
research  works  for  approximately  last  20  years  showed,  that 
most  probably  there  were  no  experiments  for  obtaining  transi¬ 
tion  metals  hydrides  at  high  external  hydrogen  pressures  lasting 
for  extremely  long  time  periods.  However  exposure  to  external 
pressure  is  a  significant  factor  at  any  processes  of  penetration 
of  one  substance  into  another.  Especially  when  the  penetration 
process  is  extremely  slow  as  in  our  case. 

Thus,  as  it  seems,  it  is  the  high  hydrogen  capillary  pressure, 
acting  during  extremely  long  time  on  the  strongly  collapsed 
crystalline  structure  of  electrode  metals,  allowed  to  accumulate 
in  them  ten  times  more  hydrogen,  as  compared  to  traditional 
methods  of  obtaining  hydrides. 

The  above  suppositions  concerning  the  nature  of  hydrogen 
accumulation  in  the  electrodes  of  alkaline  batteries  are  largely 
hypothetical,  and  hence  there  is  a  need  for  further  research,  both 
electrochemical  and  structural. 

Within  this  hypothesis,  the  hydrogen  evolved  upon  heat¬ 
ing  the  electrodes  can  be  explained  in  terms  of  thermal 
decomposition  of  the  hydrides.  Metal  hydrides  obtained  by 
direct  hydrogenation  methods  have  the  temperatures  of  ther¬ 
mal  decomposition  comparable  to  obtained  by  us  in  Section  6 
[17,18], 

Thermal  runaway  in  nickel-cadmium  batteries  can  occur  at 
any  point  between  the  opposite  electrodes.  At  this  location,  the 
separator  between  the  electrodes  bums  through  in  a  circular  fash¬ 
ion.  Temperature  evaluation  at  the  point  of  thermal  runaway, 
judging  by  thermal  marks  on  the  electrodes,  demonstrates  that 
at  this  point  the  temperature  was  not  less  than  700-800  °C.  The 
energy  evolved  at  the  point  of  thermal  runaway  is  used  to  evap¬ 
orate  the  electrolyte  and  to  heat  up  the  battery  casing  and  the 
electrodes .  However,  we  consider  that  temperature  is  not  the  only 
reason  for  the  emission  of  such  a  large  amount  of  hydrogen  from 
the  electrodes  in  the  process  of  thermal  runaway.  In  our  opin¬ 
ion,  the  hydrogen  accumulated  in  the  electrodes  actively  reacts 


in  the  powerful  exothermic  reaction  that  accompanies  thermal 
runaway.  Indeed,  we  believe  that  it  is  particularly  this  reaction 
that  contributes  to  the  mass  escape  of  hydrogen  from  the  elec¬ 
trodes  during  thermal  runaway.  Indeed  at  thermal  runway  in 
Table  1  (Experiment  No.  1)  in  4  min  288 1  of  hydrogen  evolved. 
At  thermal  decomposition  of  electrodes  at  the  temperature  of 
800  °C  in  11  h  out  of  nickel  oxide  electrode  61  of  hydrogen 
evolved,  and  from  the  cadmium  electrode  -41.  KSX-25  accu¬ 
mulators  comprise  14  cadmium  and  15  nickel  oxide  electrodes. 
Consequently,  at  thermal  decomposition  of  all  the  electrodes 
of  accumulators  within  llh4x  14  +  6x  15  =  146 1  of  hydrogen 
shall  evolve.  Thus,  it  takes  about  22  h  to  obtain  288 1  of  hydrogen 
from  the  battery  only  at  the  sake  of  hydrides’  thermal  decom¬ 
position.  Hence,  at  thermal  runway  there  is  some  other  process 
promoting  the  mass  hydrogen  discharge  from  the  electrodes. 
To  our  mind,  this  process  is  a  powerful  exothermic  reaction, 
accompanying  thermal  runway  is  such  a  process. 

However,  this  hypothesis  has  to  be  checked  experimen¬ 
tally.  Since  the  complex  electrochemical  mechanism  of  thermal 
runaway  remains  relatively  unexplored,  the  resolution  of  this 
problem  requires  further  research,  both  experimental  and  theo¬ 
retical. 
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